P rogressive advances in neonatology have improved the survival of very low birth weight (VLBW) infants; however, the prevalence of neonatal chronic lung disease (CLD) remains high, affecting 23% of these infants. Hence, the pursuit of optimum ventilation strategies that improve morbidity and, potentially, mortality in this population is of great interest. The best lung-protection ventilation strategy to reduce the incidence of CLD in preterm infants, however, remains unclear (1-3).
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Originally described by Stock et al (4) in 1987, airway pressure release ventilation (APRV) is a time-triggered, pressure-limited mode that provides continuous distending airway pressure with an intermittent pressure-release phase (5) . These two levels of airway pressure are referred to as P high and P low , respectively, and are each time cycled (T high and T low ) (6) . The proposed advantages of APRV over conventional mechanical ventilation are that it optimizes alveolar recruitment and ventilation-perfusion matching, enables spontaneous respiratory effort throughout the ventilator cycle, improves cardiac filling and, subsequently, end-organ perfusion, and reduces requirements for sedation and neuromuscular blockade (5, (7) (8) (9) (10) (11) (12) (13) . APRV has, therefore, been suggested as both a lung-protective as well as rescue ventilation strategy in patients with refractory hypoxemia. While studies involving adults have yet to demonstrate the superiority of APRV over conventional mechanical ventilation (14) , there continues to be great interest in this mode, with at least three prospective trials of APRV in acute respiratory distress syndrome (ARDS) currently underway (15) (16) (17) . Clinical trials of APRV have, to date, been conducted primarily in the adult population (12, 18, 19) , with only a few pediatric reports in the literature (20) . The experience with APRV in the neonatal and preterm populations is even more limited (21) . The primary objective of the present retrospective study was to evaluate our experience and the feasibility of applying APRV in VLBW infants. Our secondary objective was to review the pediatric literature on APRV to better understand the current published experience, how this mode is currently being used in children, and the evidence of its efficacy and safety in this population.
Methods
The present study was approved by the Research Ethics Board at McMaster University (Hamilton, Ontario). All VLBW infants admitted to the neonatal intensive care unit at McMaster Children's Hospital who were ventilated using APRV during a 24-month period were reviewed. APRV was delivered using the Servo-i ventilator Results: Five infants, 24 to 28 weeks' gestational age, were ventilated using APRV. Indications for APRV were refractory hypoxemia (n=3), ventilatory dyssynchrony (n=1) and minimizing sedatives (n=1). All infants appeared to tolerate APRV well with no recorded adverse events. Current pediatric evidence regarding APRV is primarily observational. Published experience reveals that APRV settings in pediatrics often approximate those used in adults, thus deviating from the original guidelines recommended in children. Clinical outcomes, such as oxygenation, ventilation and sedation requirements, are inconsistent. ConClusions: APRV is primarily used as a rescue ventilation mode in children. Neonatal evidence is limited; however, the present study indicates that APRV is feasible in very low birth weight infants. There are unique considerations when applying this mode in small infants. Further research is necessary to confirm whether APRV is a safe and effective ventilation strategy in this population. and any recorded episodes of hemodynamic instability, air leaks or adverse events attributable to the use of APRV during this period were collected from each patient's health records (from physician, nurse and/or respiratory therapist notes). The PubMed, Embase and MEDLINE databases were searched for relevant articles published between January 1987 and December 2012 using the key words "airway pressure release ventilation", "APRV", "pediatric" and "neonate". Reference lists of primary articles and relevant reviews were manually searched, as were the following conference proceedings: Critical Care Congress, Critical Care Forum Canada, Society of Pediatric Research and European Society of Pediatric Research. Experimental and observational study designs as well as review articles were included, while studies conducted exclusively in adult populations were excluded. Two authors (SG and KC) screened titles for relevance and abstracted fulltext articles for eligibility.
Results

Case series
Of 812 invasively mechanically ventilated infants at McMaster Children's neonatal intensive care unit between January 2005 and December 2006, there were five VLBW patients who were ventilated using APRV: four males and one female, with birth weights ranging from 560 g to 1230 g, and 24 to 28 weeks' gestational age (GA). APRV was initiated for a variety of reasons including: refractory hypoxemia despite high-frequency oscillatory ventilation (HFOV); ventilator dyssynchrony while on synchronized intermittent mechanical ventilation (SIMV); to facilitate spontaneous respiratory effort and reduce sedative use; and to alleviate severe apneic and bradycardic episodes despite full support on SIMV. These cases are described in detail below and summarized in Table 1 .
Case 1:
Female infant born at 26 weeks' GA with birth weight of 810 g with respiratory distress syndrome (RDS) requiring three doses of surfactant, who subsequently developed severe CLD requiring prolonged mechanical ventilation. Her early course was complicated by a pulmonary hemorrhage on day 2 and a pneumothorax on day 3 of life. Her respiratory status deteriorated on day 126, during which time HFOV was initiated. She was transitioned from HFOV to APRV because of persistent hypoxemia despite high fraction of inhaled oxygen (FiO 2 ) requirements. Following 3 h of APRV, her FiO 2 requirements improved from 0.8 to 0.55, and was weaned further to 0.27 two days later. She remained on APRV for three days, was transitioned to conventional mechanical ventilation and successfully extubated on day 170 of life. She required high doses of neuromuscular blockade and continuous opioid infusion for sedation while on HFOV, both of which were discontinued on initiation of APRV and within 24 h, respectively. Case 2: Male infant born at 28 weeks' GA weighing 560 g. He received a single dose of surfactant for RDS and was extubated from conventional mechanical ventilation to nasal continuous positive airway pressure by 48 h of life. On day 21, he was reintubated for respiratory failure secondary to bacterial pneumonia and remained ventilator dependent for a prolonged period. He was switched from SIMV to APRV because of increased work of breathing and ventilator dyssynchrony. He tolerated APRV well in that he appeared comfortable, and did not require escalation in sedation nor neuromuscular blockade. He remained on APRV for 10 days, was switched to conventional mechanical ventilation and eventually extubated on day 102 of life. Case 3: Male infant born at 28 weeks' GA weighing 1230 g with RDS, persistent pulmonary hypertension and bilateral pneumothoraces, who required HFOV and inhaled nitric oxide from day 1 of life. He was 3 30 mmol/L, base deficit −4 after 30 min of APRV). He was weaned to room air within 3 h, and the episodes of desaturation and bradycardia were also noted to be significantly less frequent. Twin B was transitioned to SIMV after nine days of APRV, and successfully extubated five days later. There were no adverse events that occurred during APRV for either twin, and neither twin required any sedatives while they were on APRV. There were no recorded episodes of hemodynamic instability, episodes of air leaks or adverse events attributable to the use of APRV in any of the five cases.
Review of the pediatric literature
The review of the literature revealed 13 pediatric studies conducted on a total of 111 children. Three of these studies involved neonates. In contrast, there have been more than 23 prospective adult trials enrolling >1350 patients since 1988 (Figure 1 ). The pediatric publications on APRV are summarized in Table 2 . All but three studies (6, 22, 23) are retrospective case reports or case series of ARPV as a rescue ventilator mode in patients with refractory hypoxemic respiratory failure. These studies, described below, reported that following APRV, oxygenation and ventilation improved, hemodynamic status remained stable, and patients tolerated the change well with a reduction in sedation use and neuromuscular blockade. Mean airway pressure on APRV was either higher or no different than SIMV in studies that reported this outcome.
de Carvalho et al (22) conducted a case control study comparing three modes of ventilation (intermittent mandatory ventilation with positive end expiratory pressure, APRV and continuous positive airway pressure) in a cohort of postoperative cardiac children. They observed a significant increase in mean airway pressure with APRV, and no significant differences in oxygenation. Walsh et al (23) evaluated the effect of APRV compared with pressure-controlled ventilation in paralyzed and spontaneously breathing children following tetralogy of Fallot repair, cavopulmonary shunt or Fontan operations. In this prospective crossover study, they found no differences in lung perfusion or any of the measured gas exchange of hemodynamic parameters in the absence of spontaneous ventilation. However, during spontaneous ventilation, mean pulmonary blood flow and subsequently oxygen delivery increased significantly with APRV compared with pressure controlled ventilation. The authors concluded that spontaneous respiratory effort during APRV may divert ventilation toward areas of increased perfusion, and contraction of the diaphragm causes more posterior and dorsal lung segments, which have more dependent blood supply, to expand. To date, there has been only one prospective randomized controlled trial of APRV involving a pediatric population. Schultz et al (6) measured hemodynamic and respiratory parameters in children with acute lung injury or ARDS after stabilization on APRV and SIMV, respectively, and thereafter crossed subjects over to the other mode and repeated measurements. They found comparable levels of oxygenation, ventilation, hemodynamic measurements and patient comfort between APRV and SIMV.
The experience with APRV settings reported in the pediatric literature and the only published pediatric specific guidelines for APRV, as suggested by Habashi et al (5) , are summarized in Table 3 . Although these guidelines recommend lower initial P high settings in the neonatal and pediatric population, the settings reported in clinical practice are variable and appear to approximate those recommended in adults.
disCussion
While the evidence and experience with APRV in critically ill adults is steadily growing, with more than 20 prospective trials published since 1987, APRV use in children is relatively new, with the first report published in 2000 (22) . As a result, APRV is presently infrequently used in children. A cross-sectional study of acute lung injury and ARDS conducted in 59 pediatric critical care units in 12 countries across North America and Europe revealed a frequency of APRV use of only 1.6% compared with 75.2% conventional mechanical ventilation, 16.4% HFOV and 8.5% noninvasive mechanical ventilation use (24) . In contrast, 11.3% of adult ARDS patients are ventilated with APRV, and it appears that APRV use occurs more frequently in Europe than in North America (25) . These statistical and geographical differences are not surprising given the current paucity of evidence regarding APRV in pediatric populations.
The current level of evidence with respect to APRV in pediatrics consists primarily of case reports or series, with only one prospective trial evaluating short-term cardiorespiratory outcomes (6) . Our review of the literature indicates that while APRV appears to be used for a variety of indications, it is primarily a rescue mode in this population. The most common indications for APRV use in children according to the current literature are: a rescue mode in ARDS and refractory hypoxemia; hypoxemic spells associated with bronchopulmonary dysplasia; and to encourage ventilator synchrony and decrease the use of sedatives and neuromuscular blockade. The outcomes reported from these studies are variable, with some suggesting improvement in oxygenation and ventilation and a reduction in sedation, while others observing no change. The study by Walsh et al (23) suggests that spontaneous breathing during APRV may improve cardiopulmonary interactions and may, therefore, be beneficial in patients in whom hemodynamics and pulmonary blood flow is impaired by positive pressure ventilation. Although it is proposed that APRV may reduce airway pressure requirements compared with conventional ventilation, this is not substantiated by the evidence to date. The potential for adverse sequelae should also be recognized, particularly when this mode is infrequently used; improvements in ventilation with APRV may lead to rapid changes in PaCO 2 , pH, intrathoracic pressure and, subsequently, cerebral blood-flow velocity fluctuations in the vulnerable premature neonate.
Our case series of APRV use in five VLBW infants adds to the growing body of literature supporting this method of ventilation as a feasible, elective and a rescue mode in this population. However, we acknowledge the possible reporting and ascertainment biases with respect to clinical and adverse event outcomes inherent in a retrospective study. While preliminary studies suggest that infants and children tolerate APRV with no reported adverse events, one cannot conclude that this mode of open-lung ventilation is more efficacious than either conventional ventilation or HFOV due to the paucity and low grade of evidence. Guidelines: "Use lower P high than adults as chest wall more compliant. Higher P high may be necessary in patients with decreased thoracic/abdominal compliance, or morbid obesity." T High , s 3-5 2-3 2-5.5 3-5; 1.8-3 Guidelines: "Use slightly shorter T high than adults."
Guidelines: "Use slightly shorter T low than adults as shorter time constants in this population. Aim for 50% to 75% of peak expiratory gas flow as end point." P Low , cmH 2 0 0 0 0-3, max 10 0-5 Guidelines: "Use P low = 0 as accelerates peak expiratory flow rate." † Pediatric experience: Use P low >0 to prevent alveolar derecruitment and overcome the limitation posed by current commercially available ventilators on setting T low . There is clearly a learning curve associated with the pediatric APRV experience. We observed a variation and deviation in how APRV is used in this population from the original pediatric guidelines recommended by Habashi (5) . These guidelines were empirically derived from limited evidence and largely extrapolated from the adult literature, and may not have taken into consideration the wide variety of conditions, age and size of patients encountered in the pediatric and neonatal setting. APRV settings, particularly when used in a rescue mode, can approximate those used in the adult population. While the Habashi (5) guidelines are useful as a starting point, patient condition and disease process ultimately determines how APRV is titrated. Although these guidelines recommend a P low of zero, our experience with APRV in VLBW infants suggests that small infants and neonates often require a P low >0 to prevent alveolar collapse. Preventing derecruitment during APRV is a function of both P low and T low . T low is ideally determined by monitoring the expiratory flow time waveform, and targeting T low between 50% and 75% of the peak expiratory flow. However, because time constants are shorter in infants with acute lung injury, the T low should be adjusted accordingly to maintain an adequate level of intrinsic positive end-expiratory pressure, and subsequent physiological dynamic hyperinflation above resting lung volume. Appropriate T low may, therefore, be difficult to set in this population because current commercially available ventilators (such as the Servo-I, Dräger Evita and Avea, USA), have a minimum T low limit of 0.2 s, and only allow T low to be set in 0.1 s increments. To overcome this limitation, we suggest setting P low >0. This practice appears to be supported by the published pediatric experience to date (14, 21) . It is also important to consider the unique features of the particular ventilator and the compliance of the ventilator circuit when establishing APRV (26) . Most current ventilators have a universal platform, and setting APRV is targeted more toward adults than the pediatric or neonatal population. A newer ventilator specific for neonates, the Evita Infinity V500 (Dräger, USA). allows the T low to be set in 0.01 s increments, with a lower limit of 0.05 s.
*Based on the clinical guide published by Habashi (5). The ranges presented in these guidelines
ConClusion
APRV is a novel mode of ventilation with proposed advantages over conventional and high-frequency ventilation, but with very limited experience in pediatric and newborn populations. There are some unique and important considerations that require re-evaluation of the original guidelines when applying APRV in small infants, particularly when setting the P low . Although there is growing enthusiasm for this mode of ventilation in pediatric patients with ARDS and adverse cardiopulmonary interactions, as with any novel intervention, further clinical experience and research is essential -particularly because this technology is evolving -to understand how best to apply this mode of ventilation in the pediatric population with its diverse indications and disease processes, and identify which patients may benefit. Until such time, the concept of such a ventilation mode should encourage us to consider how best to achieve open and protective lung ventilation strategies using the currently accessible, time-tested and evidencebased tools available to us.
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